Abstract. Human colorectal cancer (CRC) is a major cause of cancer morbidity and mortality, and its incidence rates are increasing in economical transitioning areas globally. To develop efficient chemotherapy drugs for CRC, the present study isolated and identified a novel ent-kaurane diterpenoid from Pteris semipinnata, termed pterisolic acid G (PAG). This ent-kaurane diterpenoid was demonstrated to significantly inhibit the growth of human CRC HCT116 cells in a time-and dose-dependent manner, determined using the Cell Counting Kit-8 assay. Additionally, western blot analysis, Hoechst 33342 staining and cytometry analysis revealed that PAG not only inhibited the viability of HCT116 cells by suppressing the dishevelled segment polarity protein 2/glycogen synthase kinase 3 β/β-catenin pathway, but also induced the apoptosis of HCT116 cells by downregulating nuclear factor-κB p65 activity, stimulating p53 expression and promoting the generation of intracellular reactive oxygen species. These results suggest that PAG, a novel inhibitor of the Wnt/β-catenin pathway and inducer of apoptosis, should be investigated in more detail using in vivo experiments and comprehensive mechanistic studies in order to examine the potential use of PAG as a novel therapeutic agent for the treatment of CRC.
Introduction
Colorectal cancer (CRC) is the third leading cause of morbidity and the fourth cause of mortality in all types of cancer globally, with ~1.2 million new cases and ~600,000 mortalities recorded annually (1) . The rate of incidence of CRC has stabilized in the United States and numerous other western countries; however, it is increasing rapidly in economically transitioning areas, including eastern European countries and most parts of Asia (2,3). The increased incidence rate of CRC in economically transitioning areas is thought to be due a shift towards western dietary and lifestyle factors, including a diet rich in unsaturated fats and red meat, increased total energy intake, excessive alcohol consumption and reduced physical activity (4) . At present, the majority of patients with early (stage I and II) CRC are treated by surgery to remove the cancer, while patients with late (stage III and IV) CRC often undergo chemotherapy (5) , and the toxic effect of chemotherapy remains a challenge (6) . Therefore, it is important to clarify the molecular mechanisms underlying the development and progression of CRC in order to develop novel drugs, which may increase the survival rate for patients with CRC.
There are numerous pathways involved in the pathogenesis of CRC, including Wnt/β-catenin, p53, transforming growth factor b, mitogen activated protein kinase, phosphoinositide 3-kinase, epidermal growth factor receptor, Notch, RhoA/rho-associated protein kinase and toll-like receptor (7, 8) . Hyperactivation of the Wnt/β-catenin signaling pathway is considered to be the most important driving force behind CRC (9) . Any genetic defects occurring to members of Wnt/β-catenin pathway, including LDL receptor related protein 5/6, Axin, dishevelled (Dvl), adenomatous polyposis coli (APC), glycogen synthase kinase 3 β and β-catenin, will result in the nuclear accumulation of β-catenin. β-catenin forms complexes with the transcription cofactor T-cell factor (TCF)/lymphoid enhancer factor (LEF) to promote the expression of its target genes (c-Myc, cyclin D1 and survivin) which promotes the initiation and development of CRC (10) .
Resistance to apoptosis, caused by an imbalance of pro-apoptotic members including B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extra large (Bcl-X L ), myeloid cell leukemia sequence 1 and the anti-apoptotic partners Bcl-2-like protein 11 (Bim), Bcl-2-associated X, apoptosis regulator (Bax), p53-upregulated modulator of apoptosis (Puma), hyperactivation of nuclear factor-κB (NF-κB), inactivation or mutation of p53, or the overexpression of certain oncoproteins (including c-Myc and Ras), are also important factors in the progression of CRC (11, 12) . Thus, attempts to inverse these abnormal alterations simultaneously represents the rationale behind current strategies for CRC chemotherapy. As a result of the increase in the use of targeted therapies, studies into the use of natural products as anticancer drugs were abandoned by numerous large pharmaceutical companies between 1997 and 2007. However since 2007, 12 natural product derivatives, including temsirolimus, everolimus, ixabepilone, vinflunine, romidepsin, trabectedin, cabazitaxel, abiraterone acetate, eribulin mesylate, homoharringtonine, carfilzomib and ingenol mebutate, have been approved for the treatment of cancer (13) . The discovery of these natural products has encouraged multiple groups to continue the investigation of natural compounds with anticancerous activities. Ent-kaurane diterpenoid is a small secondary metabolite molecule with comprehensive antineoplasmic activities, which has attracted the interest of bio-organic chemists (14, 15) . In a previous study by our group on the active constituents of Pteris semipinnata, a traditional Chinese medicine, several ent-kaurane diterpenoids were isolated, and their antitumor activities and mechanisms were studied (16) .
Pteisolic acid G, a novel ent-kaurane diterpenoid, inhibits viability and induces apoptosis in human colorectal carcinoma cells
The present study focused on screening more active ent-kaurane diterpenoids from P. semipinnata through systemic chemical constituent separation. This separation resulted in the isolation of a novel ent-kaurane diterpenoid, termed pterisolic acid G (PAG), which exhibited significant inhibitory effects on the viability of human CRC HCT116 cells. The present study reported the isolation and identification of PAG, as well as the molecular mechanisms behind its activity. The present results demonstrate that PAG is a novel chemotherapeutic agent, which simultaneously inhibits viability and induces apoptosis in human CRC HCT116 cells.
Materials and methods

Materials.
The aerial parts, those completely exposed in air, of P. semipinnata were collected in Zhangjiang, China, and the identify of these were validated by Professor Zhang-Pin Gou (Department of Pharmacology, Guangdong Medical University, Zhanjiang, China General chemi-analysis experiments. Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker AV-500 spectrometer at room temperature, according to the manufacturer's instructions. High-resolution electrospray ionization mass spectrometry data were acquired using an Agilent 6210 liquid chromatography/mass selective detector time-of-flight mass spectrometer (Agilent Technologies, Inc., Santa Clara, CA, USA) at room temperature, according to the manufacturer's instructions. Analytical high-performance liquid chromatography (HPLC) and UV spectra were performed on an Agilent 1200 series and a C 18 reversed-phase column 
Purification of PAG.
The dried aerial sections of P. semipinnata (5.0 kg) were powdered and extracted 3 times with 95% ethyl alcohol at room temperature (50 l each time). The solution was concentrated under vacuum at 50˚C to yield 495 g residue. The residue was suspended in distilled water, and subsequently successively partitioned with n-hexane, ethyl acetate (EtOAc) and n-butanol. Following removal of the solvent, 100 g EtOAc extract was subjected to a Sephadex LH-20 column to remove flavonoids using CH 3 OH as the eluent. Total terpenoid (TT, 80 g) was yielded upon concentrating the CH 3 OH dripped ahead. TT (70 g) was separated by silica gel column eluting with gradient mixtures of CHCl 3 -CH 3 OH (100:0 to 100:20, v/v) to obtain 6 fractions (Fraction A to fraction F). Fraction B (10.5 g) was subjected to chromatography using a reversed-phase C 18 Cell culture. Human CRC HCT116 cells (CCL-247; American Type Culture Collection, Manassas, VA, USA) were cultured with RPMI-1640 medium supplemented with 10% heat-inactivated FBS in an atmosphere of 5% CO 2 at 37˚C. Cells were subcultured when they reached 90% confluence.
Cell viability assay. Cell Counting Kit-8 (CCK-8; catalog no. CK04; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) and trypan blue dye exclusion (TBE) assays were used to evaluate the effect of PAG on HCT116 cell viability according to the manufacturer's protocol. Briefly, 2x10 3 cells were seeded in each well of 96-well microplates and exposed to different concentrations (3.125, 6.25, 12.5, 25, 50 and 100 µM) of PAG for 24, 48 and 72 h. Dimethyl sulfoxdide was added to cells as a negative control. Cellular viability was measured as a percentage of the viability of control cells. At 4 h prior to culture termination, 10 µl CCK-8 reagent was added to each well. After 2-3 h incubation at 37˚C, the optical density was read on a 96-well microplate reader at a wavelength of 490 nm. For the TBE test, a total of 2x10 5 cells/ml were seeded in 24-well plates and treated with PAG at concentrations of 0, 3.125, 6.25, 12.5 and 25 µM for 24 h. Cells stained with 0.04% trypan blue (catalog no. T8154; Sigma-Aldrich; Merck KGaA) for 5 min at room temperature. Cell numbers were assessed by cell counting under an inverted light microscope (TS100; magnification, x100; Nikon Corporation, Tokyo, Japan). Dead cells were stained blue and live cells were not.
Cell cycle and apoptosis analysis by flow cytometry.
Following culture with or without PAG for 24 h, HCT116 cells were pelleted by centrifugation at 200 x g for 5 min at room temperature, washed with PBS, then fixed overnight in 75% ethanol at 4˚C and subsequently washed twice in cold PBS. Prior to fluorescence-activated cell sorting (FACS) analysis using a flow cytometer (Epics, XL-ECL; Beckman Coulter, Inc., Brea, CA, USA), cells were labelled with PI work buffer (1X PBS; 50 µg/ml PI; 2.5 µg/ml RNase) at room temperature for 1 h in the dark. Cell-cycle distribution and apoptosis rate were analyzed with equipped software (EXPO32 ADC software, version 1.1; Beckman Coulter, Inc.).
Hoechst 33342 staining. PAG-treated cells were fixed by a mixture of methanol and glacial acetic acid (v/v, 3:1) at room temperature for 15 min and washed with PBS twice. Hoechst 33342 dye (2.5 µg/ml) was then added, and cells were incubated for 3-5 min in the dark at room temperature. Fluorescent images including 0, 12.5, 25 and 50 µM PAG-triggered apoptotic cells were captured using a fluorescence microscope (DM2500; 200-fold magnification; Leica Microsystems, Inc., Buffalo Grove, IL, USA). The average cell number of a microscopic field was 500-560, and the typical images were selected as representative figures.
Reactive oxygen species (ROS) measurement. Cells were pretreated with 10 µM dichloro-dihydro-fluorescein diacetate (DCFH-DA; S0033; Beyotime Institute of Biotechnology, Haimen, China) in the presence or absence of PAG for 20 min at 37˚C. Cells were then washed 3 times with RPMI-1640 medium and ROS generation was measured by flow cytometry, according to the manufacturer's protocol.
Western blot analysis. Proteins were extracted from the cultured cells using a RIPA lysis buffer supplemented with freshly added 100 mM phenylmethylsulfonyl fluoride on ice for 30 min. The cell lysates were centrifuged at 15,000 x g for 10 min at 4˚C. Supernatants were quantified using a BCA protein assay kit, and total protein (50-80 µg/lane) was subjected to SDS-PAGE (10, 12 or 15% gels), according to the molecular weight of target proteins. Subsequently, protein was transferred to a nitrocellulose membrane and blocked with 5% skim milk at room temperature for 1 h. The membrane was incubated with corresponding primary antibody mentioned above [antibodies against β-catenin, histone 3, β-actin, Dvl-2, p-Try216-GSK-3β, p-Ser9-GSK-3β, GSK-3β, cyclin D1, c-Myc, caspase-3 (pro and active), PARP, survivin, Bcl-2, Bcl-XL, Puma, Bax, Bim, p53, p-Ser536-NF-κB-p65 and NF-κB-p65)] at 4˚C overnight and washed 3 times (10 min each) with PBS-Tween-20 (PBST). Subsequently, the membrane was incubated with peroxidase-conjugated goat anti-rabbit IgG (H+L) secondary antibody (cat no. ZB-2301; dilution, 1:1,000-1:4,000) or peroxidase-conjugated goat anti-mouse IgG (H+L) secondary antibody (cat no. ZB-2305; dilution, 1:1,000-1:4,000) (all from OriGene Technologies, Inc., Rockville, MD, USA) at room temperature for 1 h, washed 2 times with PBST (10 min each) and washed once with PBS. The blots were visualized using enhanced chemiluminescence reagents (WBKLS0050; EMD Millipore, Billerica, MA, USA) in a dark room, followed by developing the blots on X-ray film. β-actin was used as the internal control in western blot analysis.
Statistical analysis. GraphPad Prism 5.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was used to perform the statistical analysis. Comparisons between multiple groups were performed using one-way analysis of variance with Tukey's post hoc intergroup comparisons. P<0.05 was considered to indicate a statistically significant difference.
Results
Identification of PAG.
The novel compound was obtained as a white amorphous powder (methanol), and had a molecular formula of C 20 C-19) . Determined using the Bruker AV-500 spectrometer, the 13 Fig. 1A and B. Accordingly, the structure of the compound was elucidated as ent-1β, 6α, 7β-trihydroxy-15-oxo-9 (11), 16-kauradien-19α-oic acid, and termed PAG (Fig. 1A) .
PAG inhibits the viability of HCT116 cells.
The inhibitory effect of PAG on HCT116 cell viability was measured using a CCK-8 assay and a TBE test. As presented in Fig. 1C (Fig. 1D) . At 72 h, no stained cells were observed since the cells were lysed by PAG (data not shown).
Effects of PAG on the cell cycle and apoptosis in HCT116
cells. The present study subsequently explored whether the cell cycle and apoptosis were affected by PAG using FACS analysis following PI staining. The results revealed that PAG affected cell cycle distributions without a clear dose-dependent effect overall. However, it was worth noting that PAG markedly increased the S population at 25 and 50 µM following 24 h treatment. Analysis of apoptosis revealed dose-dependent apoptotic cell death in HCT116 cells following PAG treatment ( Fig. 2A) . Taking these low percentages of apoptosis detected by flow cytometry into consideration, the rate of apoptosis was then observed by fluorescence microscopy subsequent to staining with Hoechst 33342 dye. As presented in Fig. 2B , blue fluorescence in HCT116 cells treated with the same concentrations of PAG as FACS analysis for 24 h was visibly increased. Together, these results demonstrated that PAG induced cellular apoptosis in HCT116 cells.
PAG suppresses the Dvl-2/GSK-3β/β-catenin pathway in HCT116 cells.
From the aforementioned information, it was clear that PAG significantly inhibited cellular viability in HCT116 cells, however the mechanisms behind this remain unclear. Previously, two ent-kaurane diterpenoids have been reported to execute antitumor functions in CRC cell lines by inhibiting the Wnt/β-catenin pathway (21, 22) . This led the present study to investigate the interference of PAG on this signaling. Therefore, nuclear, cytoplasmic and total β-catenin, as well as its target proteins c-Myc and cyclin D1, were detected by western blot analysis. The results demonstrated that nuclear and total β-catenin, along with c-Myc and cyclin D1, were decreased by PAG in a dose-dependent manner, while cytoplasmic β-catenin was not detected by western blot analysis in all 3 treated concentrations of PAG, compared with the untreated control (Fig. 3) .
These results suggested that PAG may depress nuclear accumulation and decrease the total content of β-catenin by promoting cytoplasmic β-catenin degradation to inhibit cell viability. β-catenin degradation is initiated by amino-terminal serine/threonine phosphorylation, which is performed by GSK-3β in a complex with the tumor suppressor proteins (Axin), APC and casein kinase-1α (CK1α) (23) . Therefore, further investigations were performed in order to evaluate the effects of PAG on GSK-3β, p-Ser9-GSK-3β (inhibitory form of GSK-3β) and p-Tyr216-GSK-3β (active form of GSK-3β) (24) . The upregulation of GSK-3β and p-Tyr216-GSK-3β, and the downregulation of p-Ser9-GSK-3β (Fig. 3) implied that PAG enhanced GSK-3β activity. The recruitment of Dvl to Frizzled may result in the deactivation of GSK-3β by phosphorylation of Ser9 and the dephosphorylation of Tyr216 (25, 26) , resulting in the disassembly of the β-catenin destruction complex (Axin/APC/GSK-3β/CK1α) (27) , ultimately leading to the nuclear accumulation of β-catenin in the canonical Wnt/β-catenin pathway. The effect of PAG on Dvl-2 was then examined. The results revealed that PAG downregulated Dvl-2 protein levels (Fig. 3) . In summary, the present results indicated that PAG inhibited the viability of HCT116 cells by suppressing the Dvl-2/GSK-3β/β-catenin pathway.
Mechanisms underlying cellular apoptosis induced by PAG.
Western blot analysis revealed an increase in the cleavage of PARP (85 kDa) and active-caspase-3 (17 kDa) in a concentration-dependent manner by PAG, which coincided with the decline of PARP (116 kDa) and pro-caspase-3 (35 kDa; Fig. 4A) , and confirmed the presence of caspase-dependent apoptosis.
To investigate how PAG induced the apoptosis of HCT116 cells, investigations were performed on apoptosis-associated proteins. As presented in Fig. 4B , PAG decreased the levels of anti-apoptotic proteins including survivin, Bcl-2 and Bcl-X L , and increased the levels of pro-apoptosis proteins including Puma, Bax and Bim. The decrease of the anti-apoptotic factors NF-κB p65 and p-p65, as well as the increase of a the tumour suppressor p53, were also detected following PAG treatment (Fig. 4C) . Additionally, DCFH-DA detection was performed following PAG treatment, since it has been previously demonstrated that ent-kaurane diterpenoid induces apoptosis by increasing intracellular ROS generation (28) . The increase of intracellular ROS levels by PAG in a concentration-dependent manner (Fig. 4D) confirmed this result. In summary, the results of the present study suggested that PAG induced cellular apoptosis in HCT116 cells by decreasing NF-κB p65 activity, increasing p53 expression and promoting the generation of ROS.
Discussion
Over the past decades, chemotherapy techniques for metastatic (m) CRC has developed from the use of a single agent to a combination of cytotoxic therapies and target-specific agents. Although the median survival time has improved, the 5-year overall survival rate for patients with mCRC remains poor (6) . Therefore, it is important to develop effective therapeutic agents for the treatment of CRC, particularly mCRC.
The screening of small molecule inhibitors of the Wnt/β-catenin signaling pathway is regarded as a promising strategy for CRC chemotherapy, since the ectopic activation of this pathway is involved in CRC pathogenesis and development (29) . Theoretically, these small molecule inhibitors achieve their effect by targeting cytoplasmic proteins (Dvl, Tankyrase, Porcupine, CK1, Axin, APC and GSK-3), transcriptional factors (TCF/LEF) or co-activators (CBP, p300, Pygo, Bcl-9) of the Wnt/β-catenin cascade. A number of synthetic compounds targeting the Wnt/β-catenin signaling pathway have been identified, and a number of these have been subject to clinical trials (30) . Natural products including ginsenosides (31), berberine (32), hydnocarpin (33), murrayafoline A (34), tetrandrine, curcumin, epigallocatechin gallate, baicalin, magnolol and resveratrol (35) , are also antagonists of the Wnt/β-catenin signaling pathway. Ent-kaurane diterpenoids, 11α, 12α-epoxyleukamenin E (21) and Henryin (22) , isolated from Isodon rubescens var. lushanensis and Salvia cavaleriei, respectively, are able to interfere with the Wnt/β-catenin signaling pathway by impairing β-catenin/TCF4 transcriptional complexes, exerting antitumor activities in CRC cells.
Similarly, the novel ent-kaurane diterpenoid PAG identified in the present study may also disrupt the same pathway to exhibit its antineoplastic effect; however, the exact mechanism behind this may differ from what has been indicated in previous studies. The present study revealed that PAG decreases nuclear accumulation and promotes cytoplasmic degradation of β-catenin by decreasing Dvl-2 expression and increasing GSK-3β activity. This suggests that PAG inhibited the viability of HCT116 cells by suppressing the Dvl-2/GSK-3β/β-catenin pathway.
Targeting apoptosis pathways is also an effective method for cancer chemotherapy (36) . A number of antitumor agents promote cancer cell apoptosis via NF-κB, p53, ROS, death receptor, phosphatase and tensin homolog, genotoxicity and T lymphocyte cytotoxicity (37) . Activated NF-κB suppresses apoptosis by enhancing the expression of anti-apoptotic genes, including Bcl-X L , X-inhibitor of apoptosis protein (IAP), IAP1, IAP2, radiation-inducible immediate-early gene-1 L and the Bcl-2 family member Bfl-1, which in turn results in an advancement in tumor development (38, 39) . Based on this, the pro-apoptotic function of PAG may be partially due to the resultant decreased NF-κB p65 and p-p65 expression. In contrast to NF-κB, p53 promotes apoptosis by inducing the expression of Bcl-2 family members and increasing the permeability of the outer membrane of the mitochondria (12, 40, 41) . Therefore, increased p53 expression in HCT116 cells may also contribute to the pro-apoptotic effect of PAG. ROS overexpression, which triggers cell apoptosis, necrosis or autophagy, is a mechanism common to all non-surgical therapeutic approaches for cancers, including chemotherapy, radiotherapy and photodynamic therapy (42) . Thus, the PAG-induced increase of intracellular ROS levels may be associated with Figure 4 . PAG triggered cellular apoptosis in HCT116 cells by increasing p53 expression, decreasing NF-κB p65 activity and promoting the generation of ROS. Cells were exposed to PAG at the indicated concentrations for 24 h. Cell lysates were analyzed by (A) western blot for markers, (B) associated proteins and (C) inducers of apoptosis. (D) Cells treated with 0, 25, 50 and 75 µM PAG for 6 h were stained with dichloro-dihydro-fluorescein diacetate, and the ROS levels were measured by flow cytometry. β-actin was used as a control. PAG, pterisolic acid G; ROS, reactive oxygen species; Casp3, caspase 3; PARP, poly ADP ribose polymerase; p-, phosphorylated; Bcl-2, B-cell lymphoma-2; Bcl-X L , B-cell lymphoma-extra large; Puma, p53-upregulated modulator of apoptosis; Bax, Bcl-2-associated X, apoptosis regulator; Bim, Bcl-2-like protein 11. its pro-apoptosis activity. In general, PAG induces cellular apoptosis of HCT116 cells by suppressing NF-κB p65 activity, stimulating p53 expression and promoting ROS generation.
In conclusion, the present study purified a novel ent-kaurane diterpenoid, PAG, from P. semipinnata and investigated its anti-neoplastic activities in human CRC HCT116 cells. Mechanistic studies revealed that PAG not only inhibited the viability of HCT116 cells by suppressing the Dvl-2/GSK-3β/β-catenin pathway, but also induced apoptosis of HCT116 cells by stimulating p53 expression, downregulating NF-κB p65 activation and promoting intracellular ROS generation. The results of the present study suggested that PAG, as a novel inhibitor of the Wnt/β-catenin pathway and inducer of apoptosis, should be further investigated via in vivo experiments and comprehensive mechanistic studies in order to examine its potential use as a novel therapeutic agent for the treatment of CRC.
